The serum levels of free amino acids have been investigated during the first year of postnatal life in the rhesus monkey (M. mulatta). Samples of umbilical vein blood were obtained following normal full-term pregnancies. Infant monkeys were fed Similac®, a proprietary milk formulation with constant amino acid composition, at four-hour intervals throughout the first year of life. Blood samples were obtained at 2 weeks and at 1, 3, 6, 9 and 12 months of age, and the serum analyzed for all free amino acids.
Introduction
and the ability of its cells to incorporate amino acids [2] . Elevated extracellular levels of amino acids would The synthesis of all protein molecules depends upon thus lead to their maximum availability for the intrathe availability of adequate amounts of the composite cellular synthesis of new proteins [2, 19] , and changes amino acids. Free amino acids are maintained at higher in the serum levels of amino acids might be anticipated levels in the intracellular space than in plasma [14, 15] , during periods of rapid growth. and CHRISTENSEN and STREICHER have reported a posiIn order to study the relation between the state of tive correlation between the growth rate of an organ nutrition and changes in the circulating free amino 188 KERR acids, it is first necessary to define those changes which occur normally during the various stages of development. As part of a series of studies involving nutritional disturbances during fetal life and infancy in a laboratory primate, this communication reports the changes in the levels of free amino acids of serum which occur normally during the first year of postnatal life in the rhesus monkey.
Materials and Methods
M. mulatta were kept in individual cages and maintained under standard conditions of light, temperature, and humidity. The date of conception was established for all pregnancies [7] . Eight pregnant females were fed a chow diet 1 supplemented with fruit and vitamins. Immediately following spontaneous vaginal delivery, venous blood samples were obtained from the umbilical cord of the infant. In two newborns, umbilical cord blood could not be obtained and samples of peripheral blood were drawn from the femoral vein within five minutes of birth.
A second group of 15 normal infants were studied during the first year of extrauterine life. They were separated from their mothers within eight hours after spontaneous vaginal delivery and placed in individual, heated cages. During the first 24 hours they were fed a 10 % glucose solution; during the second day this was supplemented by an equal volume of Similac®, a proprietary milk formulation 2 . After 48 hours of age, and for the duration of the study, all animals were fed full-strength Similac® at four-hour intervals throughout the day and night. This milk preparation, supplemented with vitamins after the third day of life 3 , and seasonal fruit after 45 days of age, constituted the total nutrient intake. The volume of milk ingested, and increases in length, weight and head circumference were 1 recorded.When possible, venous blood samples were obtained at exactly 2 weeks, and at 1, 3,6,9 and 12 months of age. Each blood sample was obtained four hours after a normal dietary intake, allowed to stand at 5°f or two hours, then centrifuged at 2,000 rpm for 20 minutes at 5°. The serum was separated and stored at -20° until analyzed. The free amino acid content of serum was determined by the GERRITSEN et al. modification [4] of the method of SPACKMAN et al. [21] using the Beckman/Spinco amino acid analzyer.
Values for tryptophan and cystine will not be reported because of their instability during storage [3] and because of specific difficulties involved in the measurement of free, and protein-bound, tryptophan [4] . A decrease in glutamine and an increase in glutamic acid have also been noted coincident to prolonged storage of plasma samples [3] ; although glutamine gives rise to compounds other than glutamic acid, the sum of both determinations will be presented. The chromatographic peak for aspartic acid was occasionally superimposed upon the peak for threonine, preventing in such cases the evaluation of both amino acids.
Student's t test was used to assess the significance of differences (p <0.01) when umbilical cord levels were compared with those at 2 weeks, 1 month, or 1 year of age. Changes during the entire first year of life were analyzed by use of the Newman-Kuels multiple range test [24] , which considers all values for each amino acid before indicating significant deviations from the series of measurements. Significance for this data was defined at a level of p < 0.05.
Results
Comparison of the free amino acid levels in the fullterm newborn and year-old infant monkeys showed that in the cord blood samples, levels of taurine, alanine, lysine, and 3-methyl-histidine were significantly increased, while those of serine and tyrosine were significantly decreased ( fig. 1 ). During the first month of life, taurine, lysine and 3-methyl-histidine showed a significant fall. Histidine also showed a significant, but less striking, reduction ( fig. 2 ). Serine and tyrosine, which were low in the cord samples, and phenylalanine, leucine and isoleucine showed significant increases during the same period of time ( fig. 3 ). Values for aspartic acid and threonine could not be defined at two weeks of age because their chromatographic peaks were superimposed, but all other amino acids did not show significant changes during the first month of life.
By one year of age, the levels of free amino acids of serum in the rhesus monkey have reached adult levels, and the values in animals fed Similac® are not signifi- The circulating amino acids are primarily important as they reflect and contribute to the larger pool of intracellular amino acids. They may, however, provide evidence of nutritional disturbances or the presence of congenital or acquired abnormalities of amino acid metabolism [6, 22, 23] . Investigations by LICHTEN-STEIN [10] , SCHREIER [16] , SERINI et al. [18] , and GHA-DIMI and PECORA [5 a] have indicated that the levels of circulating amino acids are frequently elevated in premature infants. In the full-term human infant, however, levels of most amino acids are not significantly increased over those found in adults. The recent report of LINDBLAD and BALDESTEN [11] indicated that although the total value of all amino acids studied was higher in the cord blood of human infants than in nonpregnant women, only taurine, lysine, alanine, phenylalanine and glutamic acid showed significant increases.
DICKINSON et al. [3] and GHADIMI and PECORA [5 a] also indicated that only a few amino acids of cord blood, most notably taurine, lysine, glutamine, and threonine, were elevated over adult values. The present study indicated that, with the exception of taurine, lysine, alanine and 3-methyl-histidine, amino acids in umbilical vein blood of full-term infant rhesus monkeys were not significantly elevated over the levels in adolescent or nonpregnant adult animals. It is apparent, therefore, that in both human and subhuman primates, values for most amino acids are within the adult range at the time of full-term birth. A wide range of normal values has been reported during infancy in the human [5 b, 16, 20] , but several reports have indicated that significant changes may occur in plasma levels of a few amino acids during the first days or weeks of postnatal life. GHADIMI and PE-CORA [5 b ], MATHEWS and PARTINGTON [12] , LA DU et al. [9] , and MENKES and AVERY [13] reported that plasma levels of tyrosine often became elevated shortly after birth; in premature infants, values up to 20 mg % were occasionally observed. LA DU et al. [9] , MENKES and AVERY [13] , and BERRY and LEONARD [1] reported that plasma phenylalanine levels were also frequently elevated during the postnatal period. A significant rise in tyrosine levels in serum was evident during the first weeks of extrauterine life in rhesus monkeys and was accentuated by the low value in umbilical cord blood. A postnatal increase in levels of phenylalanine in serum Fig. 3 . Serum levels of free amino acids which increase during the first month of extrauterine life in M. mulatta. Circles indicate mean values at each age. Asterisks indicate a significant increase from the cord value {t test, p also occurred but was not significant when considered with all other measurements obtained during the first year. KRETCHMER [8] , has noted that the activities of enzymes responsible for the metabolism of tyrosine and phenylalanine are reduced during fetal and perinatal life, and SCRIVER has recently cautioned against overinterpretation of the resultant transient elevation of these amino acids [17] .
Human newborns have low plasma levels of the branched-chain amino acids, leucine, isoleucine and valine [3, 5 a] , and BERRY and LEONARD [1] reported that the levels rose following initiation of feeding. Leucine and isoleucine demonstrated a rise after birth in newborn monkeys, but the rise was only significant for leucine and was primarily due to low umbilical cord values. A significant increase in serine also occurred during the first month of life in the monkey and was similarly due to reduced levels in umbilical cord blood.
GHADIMI and PECORA [5 b ] noted decreases in taurine, lysine and threonine values during the first 10 days of life in human infants, and DICKINSON et al. [3] and SCHREIER [16] also reported postnatal decreases in taurine and lysine. For methodological reasons, threonine values during the postnatal period could not be defined in the present study, but significant decreases were noted for both taurine and lysine. The change was due to a reduction of the elevated levels in umbilical cord blood and produced values comparable to those found in older control animals.
In general, therefore, the postnatal changes observed in individual circulating free amino acids in the macaque infant are similar in direction to those reported in the human neonate, and where significant changes occur, they are usually seen in both species. It is apparent that the postnatal changes in amino acid levels in the monkey result in normal adult values, with umbilical cord values presumably reflecting a difference between fetal and postnatal pathways of amino acid metabolism.
The values reported for several amino acids in this study are significantly higher than those established for human infants [5 a, b, 11, 16] . Part of this discrepancy may be due to methodology; GERRITSEN et al. reported that their ultracentrifugation modification [4] of the method of SPACKMAN, STEIN and MOORE [21] resulted in higher recoveries for several amino acids than were reported after either picric acid or sulfosalicilic acid deproteinization. The possibility that the higher levels reported in this study represent 'leakage' of amino acids from hematologic elements [20] must also be considered. Whether these changes reflect true species differences or procedural and rnethodologic differences, cannot be defined at the present time. Despite these differences, however, these data suggest that studies relating the effects of excesses or deficiencies of dietary protein and amino acids, when performed in this subhuman primate, may aid in defining the changes in intermediary metabolism as well as in growth and development which occur, but are difficult to fully evaluate, in states of human malnutrition.
Summary
Changes in the free amino acids of serum have been studied during the first year of extrauterine life in the rhesus monkey. A wide range of normal values was apparent and it was necessary to consider all values for each amino acid in order to establish the significance of the changes. Taurine, lysine and 3-methyl-histidine were significantly elevated, and serine, tyrosine and leucine were significantly reduced in umbilical venous serum in comparison with values characteristic of the older animal. By the end of the first month of postnatal life, the serum levels of these amino acids had reached the levels found in older control animals and further significant changes did not occur. The umbilical cord level and all subsequent values for all other free amino acids were not different from those in nonpregnant adults.
